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Abstract 
The formation ages of tectonic structures and their spatial distributions were studied in the northwestern Imbrium 
and Sinus Iridum regions using images obtained by Terrain Camera and Multiband Imager on board the SELENE 
spacecraft and the images obtained by Narrow Angle Camera on board LRO. The formation ages of mare ridges are 
constrained by the depositional ages of mare basalts, which are either deformed or dammed by the ridges. For this 
purpose, we defined stratigraphic units and determined their depositional ages by crater counting. The degradation 
levels of craters dislocated by tectonic structures were also used to determine the youngest limits of the ages of the 
tectonic activities. As a result, it was found that the contractions to form mare ridges lasted long after the deposition 
of the majority of the mare basalts. There are mare ridges that were tectonically active even in the Copernican Period. 
Those young structures are inconsistent with the mascon tectonics hypothesis, which attributes tectonic deforma-
tions to the subsidence of voluminous basaltic fills. The global cooling or the cooling of the Procellarum KREEP Ter-
rane region seems to be responsible for them. In addition, we found a graben that was active after the Eratosthenian 
Period. It suggests that the global or regional cooling has a stress level low enough to allow the local extensional 
tectonics.
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Introduction
Mare ridges and straight rilles are map-scale tectonic 
features on the Moon. They are interpreted as compres-
sional and extensional tectonic structures, respectively 
(e.g., Bryan 1973; Gilbert 1893; Howard and Muehlberger 
1973; Maxwell et  al. 1975). The roughly concentric and 
radial patterns made by the features with respect to the 
centers of the mascon basins (Fig. 1) have been thought 
to suggest the subsidence of massive mare fills as their 
origins (Baldwin 1968; Brennan 1976; Maxwell et  al. 
1975; Wilhelms and McCauley 1971). The loading is 
expected to have led to more or less syndepositional tec-
tonics (Solomon and Head 1979); that is, the tectonic 
deformations should be mainly of the Imbrian and early 
Eratosthenian, because the mare volcanism to fill the 
basins climaxed in the periods (e.g., Hiesinger et al. 2000; 
Morota et al. 2011).
However, recent discoveries of young tectonic fea-
tures by the SELenological and ENgineering Explorer 
(SELENE) project (Ono et al. 2009) and the Lunar Recon-
naissance Orbiter Camera (LROC) (Watters et al. 2010) 
question the mascon loading hypothesis. The timing of 
the tectonic deformations is important for determin-
ing their origins. There are mechanisms that can explain 
young tectonism, including global cooling (Solomon and 
Chaiken 1976; Pritchard and Stevenson 2000) and the 
orbital evolution of the Earth–Moon system (Melosh 
1980).
This work is devoted to evaluating the formation ages of 
tectonic structures in northwestern Imbrium (Figs. 1, 2). 
The Imbrium basin is a typical mascon basin with concen-
tric mare ridges and is located within Procellarum KREEP 
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Terrane (PKT). The basin has surfaces with various crater 
ages and has a candidate landing site for future missions 
(e.g., Qiu and Stone 2013). In order to evaluate the forma-
tion ages, we first defined the mare units based on spectral 
features. Second, we made crater size–frequency distribu-
tion (CSFD) measurements of the units and determined 
their depositional ages. Finally, the timing of the tectonic 
deformations was constrained based on the crosscutting 
relationships between tectonic structures and the mare 
units. The degradation levels of small craters (Moore et al. 
1980) affected by thrust faults were also used to estimate 
the timing of the youngest tectonic activity.
Data
We mainly used the images and spectral data taken by 
the Terrain Camera (TC) and Multiband Imager (MI) 
onboard the SELENE spacecraft (Haruyama et  al. 2008; 
Kato et  al. 2010; Ohtake et  al. 2008). They uniformly 
cover the entire lunar surface. The TC images have an 
average spatial resolution of ∼10  m and relatively low 
solar elevation angles of ∼20◦, which is advantageous 
to crater counting and observing low-relief topographic 
features (Haruyama et  al. 2008). The digital terrain 
models (DTM) produced from the stereo pairs of TC 
images have horizontal and vertical resolutions of ∼10 m 
(Haruyama et  al. 2008). The DTMs describe altitudes 
from the spherical surface with a radius of 1737.4  km. 
In order to screen out the long-wavelength topography 
and to enhance short-wavelength tectonic topography, 
the present selenoid was subtracted from the DTMs. The 
selenoid is determined by the gravity model of degree 
660 in the spherical harmonics obtained by the Gravity 
Recovery and Interior Laboratory (GRAIL) (Lemonie 
et al. 2013). The MI obtained spectral data at four visible 
and five near-infrared spectral bands with spatial resolu-
tions of 20 and 60  m, respectively (Ohtake et  al. 2008). 
We used the near-infrared spectral data of the MI_MAP 
product that had been converted into reflectance of the 
lunar surface by Ohtake et al. (2010).
We used high-resolution images taken by the Lunar 
Reconnaissance Orbiter Camera (LROC) Narrow Angle 
Cameras (NACs) as well to observe the crosscutting rela-
tionships of craters and tectonic features. Those images 
have a spatial resolution of 0.5–2  m (Robinson et  al. 
2010).
Stratigraphic units and their ages
We used the differences in spectral features to define the 
mare units and conducted the CSFD measurements on 
each unit.
Stratigraphic units
We defined the stratigraphic mare units in the study area 
based on the spectral ratio images made from the MI 
images at 414, 749 and 950 nm wavelengths. The spectral 
bands were chosen to enhance the contrasts in maturity, 
Ti content and Fe content of the basalts (Fischer and Piet-
ers 1994; Lucey et al. 1995; Pieters et al. 1980). Figure 2c 
shows a mosaic of spectral ratio images, where relatively 
mature or low-Ti mare basalts are indicated by purplish 
or reddish colors and immature, high-Ti or high-Fe 
basalts by bluish ones. The circular yellowish spots indi-
cate fresh craters and their ejecta blankets in this image.
We defined nine units from A through I. The spec-
tral ratio image shows that the mare in the study area 
is clearly divided into two regions with warm and cold 
colors (Fig.  2c). This contrast has long been recognized 
since the Apollo era (e.g., Whitaker 1972; Pieters 1978). 
The bluish area is named Unit E, whereas the remain-
ing reddish areas were subdivided into Units A through 
D and F through I. The southern border of Unit F and 
the eastern border of Unit H are not clear because the 
spectral features gradually change. The hatched areas in 
Fig. 2c have spectral features distinctive from those of the 
neighboring units, but the CSFD measurement was ham-
pered by abundant secondary craters or the small areal 
extent.
Several researchers made CSFD measurements in our 
study area (e.g., Bugiolacchi and Guest 2008; Hiesinger 
et al. 2000; Morota et al. 2011; Thiessen et al. 2014). They 
used Galileo, Clementine, Chandrayaan-1 and Lunar 






































Fig. 1 Concentric systems of the mare ridges in Mare Imbrium. Red 
lines indicate the mare ridges, gray circles indicate prominent craters, 
and brown areas indicate highland materials. PL: Promontorium 
Laplace. R: Montes Recti. C: Mons Chajorra. AV: Alta Vista
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coincide with ours more or less, except for units in Sinus 
Iridum. The surface of the bay can be subdivided into 
several units, but it is difficult to trace their boundaries 
due to the low contrasts in spectral features and to the 
NNW trending ray with a width of 20  km (Fig.  2a, c). 
As a result, the division of the mare units by Hiesinger 
et al. (2000), Bugiolacchi and Guest (2008), Thiessen et al. 
(2014) and this study is different in the bay. We used the 
uniform and high-resolution MI images of this region 
and divided the bay into seven units. The images have 
higher resolution than the data set used by the previous 
studies. The discrepancy between our results and pre-
vious results might be induced by the differences in the 
spatial resolution and/or in the wavelength of the spec-
tral data. Among the seven units, three (hatched areas in 
Fig. 2c) have such abundant secondary craters that their 
depositional ages could not be determined.
Crater ages of stratigraphic units
The CSFD measurement was taken in the portion of the 
region where secondary craters are few in each mare 
unit. The lambert azimuthal equal-area projections of 
the TC images were used for crater counting to measure 
the surface area accurately. We used the production and 
chronology functions proposed by Neukum (1983) and 
Neukum et al. (2001). The former is expressed as
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Fig. 2 Images of the study area taken by SELENE. a TC images. Yellow spots indicate the locations of lobate scarps. b Embossed image of grayscale 
image of the digital terrain model (DTM) made by Haruyama et al. (2008) from SELENE data. Highland with the altitudes above −1000 m is out of 
range to highlight low-relief topographic features in the mare. Orange and blue lines indicate grabens and sinuous rilles, respectively. Yellow boxes 
indicate the areas where CSFD measurements were taken. c Spectral ratio images shown in false color (749/414 nm on red, 749/950 nm on green, 
414/749 nm on blue) with the mare units defined in this study. d Topography overlaid with the embossed image shown in b. Crater ages of the 
units in Ga are indicated as well
Page 4 of 20Daket et al. Earth, Planets and Space  (2016) 68:157 
where D is the diameter of the craters in kilometers, 
N(D) is the cumulative number density of craters larger 
than D per km2, and the coefficients from a1 through 
a11 are the constants, the values of which are given 
by Ivanov et  al. (2001) and Neukum et  al. (2001) for 
the craters satisfying 0.1 < D < 200 km. The coef-
ficient a0 is age dependent. This value is given by fit-
ting the production function (Eq.  1) to the observed 
CSFD. The model age of a unit in Ga, T, is obtained 
according to the chronology function (Neukum 1983), 
N (1) = 5.44 × 10−14[exp(6.93T )− 1]+ 8.38× 10−4T , 
where N(1) = 10a0 (Eq. 1).
We estimated the ages of Units A through I (Table  1; 
Fig. 2d). Figure 3 shows the CSFDs in the units. We care-
fully drew the boundaries of the crater counting areas 
in the mare units to exclude portions with steep slopes 
or abundant secondary craters. As a result, the model 
ages of Units I, H and G were estimated as 3.52, 3.46 and 
3.45 Ga, respectively. Unit F was 3.39 Ga. Units B, D and 
A were 3.29, 3.27 and 3.25 Ga. Unit C was 2.97 Ga. The 
youngest unit, Unit E, was estimated as 2.07 Ga. The pro-
duction function was fitted to the distributions for the 
craters with D between 0.25 and 1 km following Morota 
et  al. (2011). The upper limit of D is determined from 
the fact that there are few craters larger than 1 km in the 
counting areas. Considering the confidence intervals, the 








ages of the mare units determined in previous studies 
(Hiesinger et al. 2000; Bugiolacchi and Guest 2008; Qiao 
et al. 2014) are roughly consistent with our results except 
for Units E, F, H and I (Fig. 4).
The discrepancies in the age of Unit E can be explained 
by the differences in the ranges of crater sizes targeted in 
the CSFD measurements. Our result is consistent with 
Morota et  al. (2011) and Bugiolacchi and Guest (2008), 
but not with Hiesinger et al. (2000) and Qiao et al. (2014). 
We counted craters larger than 250 m in diameter, a few 
times smaller than the threshold used by the previous 
studies. Hiesinger et  al. (2000) used craters larger than 
800  m in diameter to use the Lunar Orbiter IV images, 
which have a spatial resolution of 60–150  m. Bugiolac-
chi and Guest (2008) also used these images, but they 
counted craters larger than 500 m instead of 800  m. 
Qiao et al. (2014) counted craters larger than 500 m with 
LROC wide angle camera images, which have resolution 
of ∼100 m. Small craters are easily obliterated by thin and 
younger lavas, but larger craters with high rims are not. 
The rim heights of 20 and 30 m correspond to the crater 
diameters of 500 and 800  m, respectively (Pike 1977,  p. 
88), which Hiesinger et al. (2000), Qiao et al. (2014) and 
Bugiolacchi and Guest (2008) used as the minimal cra-
ter in the CSFD measurements. Accordingly, the number 
densities of smaller and larger craters tend to indicate 
younger and older ages, respectively, if smaller ones have 
been obliterated by younger lavas. Therefore, an oblit-
eration by lavas with a total thickness of several tens of 
meters explains the older age in Hiesinger et  al. (2000) 
and Qiao et  al. (2014). Since craters larger than 500  m 
were rare in our counting areas, the obliteration did not 
appear as a jump in the CSFD plot in Fig. 3. Secondary 
craters in Unit E were infrequent and were distinctive 
from primary craters.
We counted a larger number of craters and used 
higher-resolution and lower solar angle images, which 
advantageous to crater counting, than the previous stud-
ies (Bugiolacchi and Guest 2008; Hiesinger et  al. 2000; 
Qiao et  al. 2014). Therefore, though the results of the 
estimated ages of Units F, H and I disagree with the previ-
ous studies (Bugiolacchi and Guest 2008; Hiesinger et al. 
2000), we adopt our results. However, many secondary 
craters were observed in Units F, H and I. We carefully 
excluded them, but possibly made an overestimation of 
the ages owing to their contamination.
Tectonic features and formation ages
There are a number of mare ridges, grabens and lobate 
scarps in the study area, which we describe in the fol-
lowing subsections. We constrained the formation ages 
of the ridges by the ages of the mare units dammed and 
deformed by the ridges. Since the mare basalts were so 
Table 1 Model ages of investigated mare units in northern 
Imbrium
N indicates the numbers of craters counted larger than 1 km in diameter. N(1) is 
the density of craters with diameters larger than 1 km. Model ages are quoted at 
the 1 sigma error level
Area (km2) N N (1) (10−3 km−2) Model age 
(Ga)
Unit A 135 57 3.05 3.25 +0.10
−0.19
Unit B 254 129 3.20 3.29 +0.06
−0.09
Unit C 274 116 2.53 2.97 +0.16
−0.23
Unit D 220 103 3.11 3.27 +0.07 
−0.12
Unit E 530 150 1.73 2.07 +0.17
−0.17
Unit F 294 154 3.74 3.39 +0.04
−0.05
Unit G 397 207 4.21 3.45 +0.03
−0.03
Unit H 251 143 4.32 3.46 +0.03
−0.04
Unit I 263 194 5.05 3.52 +0.02
−0.03
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3.27+ 0.07− 0.12 Ga
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3.25+ 0.10− 0.19 Ga
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3.29+ 0.06− 0.09 Ga
3.52+ 0.02− 0.03 Ga
Fig. 3 The CSFDs for the units. Craters 250–1000 m in diameter were used. Dashed lines indicate the diameter ranges used to fit the production 
function. The error bars are calculated by log (N ± N1/2) / A, where N is the cumulative number of craters and A is the counted area. The CSFDs are 
for Units A, B, C, D, E and F
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inviscid (Basaltic Volcanism Study Project 1981) that 
they made level surfaces at the time of deposition, a mare 
unit that is dammed by a ridge is younger than the for-
mation of the ridge, and a deformed one is older than 
the formation of the ridge. Bryan (1973) and Schaber 
(1973) applied this technique to ridges in southwestern 
Imbrium, where high-resolution images taken by the 
Apollo missions were available. In addition, the high-
resolution TC and NAC images allowed us to determine 
the formation ages of the lobate scarps and grabens, by 
using the degradation levels of small craters (Moore et al. 
1980).
There are ‘islands’ including Montes Recti along the 
second inner ring in northern Imbrium (Spudis et  al. 
1988). We used the informal names of the islands, Cha-
jorra and Alta Vista, which were introduced by Lee 
(1864), for convenience (Fig. 2a).
Mare ridges
The mare ridges in our study area have been already 
mapped by Schaber (1969) and M’Goniǵle and Schleicher 
(1972). We used the labels, Ridge Systems A through F, 
to refer to major mare ridges in the study area (Fig.  2). 
Among them, Ridge Systems A, B and C are part of the 
concentric systems of the most prominent ring structure 
of the Imbrium basin (Spudis 1993).
Ridge System A
Ridge System A consists of two arches and several nar-
row and short ridges with ENE-WSW trends from the 
south of Promontorium Laplace to the mountain Alta 
Vista (Fig. 2d). The arches are about 170 km long, 30 km 
wide and 200  m high relative to the surrounding plain. 
The arch is surmounted by elongated hills that have max-
imum peak heights of ∼400 m relative to the surround-
ing plain (Fig. 2b, d). The hills make a right-stepping en 
echelon array.
As Whitaker (1972) pointed out, Ridge System A dams a 
mare unit (Figs. 2, 5). He assigned the formation age of the 
ridges vaguely as sometime in the Eratosthenian Period. 
We determined the age more precisely. The ridges of this 
system are blanketed by Units A, B, C and D, whereas the 
boundary between Units C and E outlines the southwest-
ern foot of Ridge System A (Fig. 5). Accordingly, Units A, 
B, C and D are deformed along Ridge System A, which 
dams Unit E. Ridge System A deformed Units A, B, C and 
D and dammed the lavas of Unit E. Therefore, the major 
formation of Ridge System A was sometime after 2.97 Ga 
and before 2.07 Ga. The older limit is defined by the age of 
Unit C—the youngest of the four deformed units.
A part of the lower slope of the arch is exceptionally 
blanketed by Unit E (Fig. 5). There is no fissure along the 

































Fig. 4 The ages of the mare units in the study area. Solid circles with 
error bars indicate the ages determined in this study. The bars depict 
the plus–minus standard deviations. Open circles indicate the ages 
determined in previous studies; H, Hiesinger et al. (2000); B (Bugiolac-
chi and Guest 2008); M (Morota et al. 2011); Q (Qiao et al. 2014). In 
cases where their divisions of the mare units are significantly different 
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covered by Unit E
ReddishUnits
Fig. 5 Three-dimensional topographic models on which spectral 
ratio images are mapped. Intersecting area of Ridge Systems A and B. 
Solid contour lines indicate the altitude. The contour interval is 50 m. 
The vertical exaggeration is 50. The highland and the rim of Laplace 
A are truncated at −2300 m to enhance the mare ridges. Locations 
lacking in the MI data are indicated by the N–S trending white stripe. 
The dashed line indicates the northwestern border of Unit E
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ridge that could feed the lavas of Unit E, suggesting that 
part of the ridge was reactivated and uplifted after the 
deposition of Unit E.
Ridge System B
Ridge System B consists of relatively narrow NNE-SSW 
trending ridges between the promontories Laplace and 
Heraclides. The ridges have heights and widths of 100–
200  m and several kilometers, respectively. The south-
eastern segments of this group coincide with the rim 
of the Sinus Iridum basin, which was excavated at 3.7–
3.84 Ga (Wagner et al. 2002). We subdivided the system 
into the northern, middle and southern parts at the lati-
tudes of 45 and 42◦N (Fig. 2b, c).
In the northern part, Units A and B are deformed by 
this system (Fig.  2d), which dams Unit E (Fig.  5). The 
fact that the surface of Unit E does not tilt but becomes 
thicker toward the ridge system (Section  3.2; Fig.  19) 
provides positive evidence that Unit E is dammed by the 
ridges. The northern part was formed after the deposi-
tion of Unit A and before the deposition of Unit E.
In the middle part, Ridge System B (Fig. 2c) deforms the 
unclassified unit around Laplace A and partly dammed 
Unit E (Fig.  5). The depositional age of the unclassified 
unit could not be determined because of heavy con-
tamination by secondary craters. However, the spectral 
feature of the unit is similar to those of Units A and F. 
It might indicate that the depositional age of the unit 
is around 3.3  Ga. Unit E is partly deformed and partly 
dammed along the foot of the eastern edge of Ridge Sys-
tem B. Therefore, the middle part was tectonically active 
around the timing of the deposition of Unit E.
The southern part of Ridge System B is covered by Unit 
E, except for two small reddish islands around 41◦N, 31◦
W (Fig.  2c). Accordingly, most of the southern part is 
younger than Unit E, but the islands began to be uplifted 
before the deposition of Unit E. The areas of the islands 
are too small so that their depositional ages were not 
determined.
Accordingly, the uplift of the northern part began after 
3.25  Ga, which is the age of Unit A, and ceased before 
2.07, which is the age of the dammed unit. The middle 
part of this system was mainly formed around 2.07  Ga, 
and the formation might begin after 3.25 Ga. The south-
ern part of this ridge system is younger than 2.07 Ga.
Ridge System C
Ridge System C is the northern part of Dorsum Heim 
and consists of two N-S trending ridges, a prominent 
one and narrow one, to the southeast of Promontorium 
Heraclides (Figs. 1, 2b). The prominent ridge at 31.0◦ W 
is about 20  km wide and 200–400  m high, whereas the 
narrow one at 29.5◦W has a height on the order of 101 m 
and a width of a few kilometers. North of 39◦N and south 
of 37.5◦N, Ridge System C is covered by Unit E, indicat-
ing the formation after 2.07  Ga. However, the middle 
part of this system around 38◦ N could be older, because 
the ridge system is not covered by Unit E but by an older 
spectrally reddish unit.
Ridge System D
The NNE–SSW trending narrow ridges in Sinus Iridum 
are called Ridge System D, in which three ridges are rela-
tively prominent. They are about 100 m high, several kil-
ometers wide and shorter than 100 km in length. Units F 
and I are involved in this ridge system, indicating that the 
ridges were formed sometime after 3.39 Ga.
Ridge System E
Ridge System E is composed of N–S trending ridges 
that make an array at 19◦ W, northeast of the Le Ver-
rier (Fig. 2a, b). Each ridge is about 100 m high and 5 km 
wide. Ridge Systems A and E crosscut at 47.3◦N, 19.0◦W, 
but their order of formation is not clear. Units D, E and G 
are affected by this system. Accordingly, the ridge system 
was formed sometime after 2.07 Ga in Unit E, but those 
in Units D and G could be older.
Ridge System F
Ridge System F consists of N–S trending mare ridges 
in the northeastern part of the study area (Fig. 2b). The 
ridges of this system have heights and widths of ∼150 m 
and several kilometers, respectively. This system meets 
Ridge System A and a NW-SE trending arch to the south 
of Mons Chajorra (Fig. 2b). Ridge System F involves Unit 
D. The depositional age of the unit places the maximum 
age of the formation at 3.27 Ga.
Ruptured craters along ridges
There are a number of ruptured craters along the mare 
ridges, which are recognized in the high-resolution 
images taken recently by SELENE TC and LRO-NAC. 
We interpreted that the craters are ruptured by thrust 
faults constituting mare ridges, because some of the rup-
tured craters are deformed and some of them are partly 
hidden by the hanging wall (Fig. 6). The ages of ruptured 
craters are the clues to the timing of tectonic deforma-
tions, because the craters must exist before the end of 
the tectonic activities. Figure 6a shows an example of the 
small ruptured craters. In the image, the thrust sheet cov-
ers half of the small crater. The sheet is slightly deformed 
probably for filling the depression of the crater. Examples 
of the small ruptured craters are also shown in Addi-
tional file  1: Figure S1. The kilometer-scale crater high-
lighted in Fig. 6b is an example of the largest ones. The 
crater is located in Ridge System E to the south of Montes 
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Recti. It is not circular but elliptical in shape. The crater 
is shortened by two thrust faults along the N–S to NNE–
SSW trending ridges. The crater floor is popped up by the 
faults. To the south of this crater, a crater with a diameter 
of 150  m lacks an eastern rim, which was destroyed by 
the over-thrusting or obliterated by talus deposits from 
the scarp along a ridge.
The ruptured craters are along all the ridge systems 
in the study area (Fig.  7). Some are as small as ∼100  m 
in diameter, suggesting that the tectonic activities along 
ridges are geologically very young. On the basis of the 
degradation levels classified by Moore et  al. (1980), the 
craters as small 100  m in diameter with shallow bowl-
shaped morphology are classified as Copernican craters. 
The craters that are 80–100  m in diameter with gentle 
depression morphology are classified into the latest stage 
of Eratosthenian. In our analysis, the observed craters 
smaller than 100 m were categorized into shallow bowl-
shaped craters, which suggest their formation ages are 
Copernican Period. Accordingly, all the ridge systems 
were at least partly active still in the Copernican Period. 
Note that the observed craters may contain secondary 
craters. Since it is a qualitative analysis, some of them 
might be formed in the Eratosthenian Period.
It is important to note that there are differences in the 
linear number densities of large ruptured craters (larger 
than 100  m in diameter; white circles in Fig.  7). Ridge 
System B, C and E deformed fewer large craters in Unit E 
than in the other units. In contrast, there is no difference 
in the linear number densities of small ruptured craters 
(smaller than 100 m in diameter; yellow circles in Fig. 7). 
This difference can be explained by the difference in the 
area density of craters depending on the depositional 
ages of the units.
Lobate scarps
There are lobate scarps in the study area (Fig. 2a). Among 
them, we detail the lobate scarps on the eastern and the 
western slopes of Montes Recti and Chajorra, respec-
tively (Figs. 8a, 10a), because they affect the small Coper-












Fig. 6 Craters ruptured by thrust faults. a A small ruptured crater (48.14◦N, 15.87◦W) involved in Ridge System F (LROC NAC image 
M1149624430RC). The crater size is about 80 m in diameter. b Two craters ruptured by thrust faults involved in Ridge System E (LROC NAC image 
M1106037670LE). The larger one is located at the south of Montes Recti (47.7◦N, 18.8◦W)
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Many terraces can be seen along the mare-highland 
boundaries on the Moon. They are thought of as the sur-
face expressions of low-angle thrust faults (e.g., Binder 
and Gunga 1985; Watters et  al. 2010; Williams et  al. 
2013), although they were interpreted as depositional 
features by some previous studies (Holcomb 1971; Gree-
ley and Spudis 1978; Young 1976). We prefer the tectonic 
interpretation, because the lobate scarps along the slopes 
of Recti and Chajorra transform into mare ridges (Figs. 8, 
10). Their crisp morphology suggests that they are 
formed in the Copernican Period (Watters et  al. 2012). 
Some lobate scarps are thought to be even younger than 
50 Ma from the crosscut relationships between the scarps 
and small ruptured craters, whose formation ages were 
estimated to be younger than 50 Ma (Watters et al. 2015).
Montes Recti
A branch of Ridge System E turns into lobate scarps at 
the mare-highland boundary of Montes Recti (47.95◦N, 
18.36◦W; Fig. 8a, b). A lobate scarp runs along the south-
ern margin of Montes Recti to make crisp terraces at the 
height of ∼100  m from the neighboring plain (Fig.  8a). 
The terraces are tens of meters in width. The lithology 
of the slope between the terraces and the mare-highland 
boundary is not clear in their spectral features. However, 
we interpreted that the terraces are debris aprons, because 
there are craters with mountainside parts obliterated at 
the mare-highland boundary (Fig. 8b). There are grooves 
along the mountainside edges of the terraces (Fig. 8b).
The following observations indicate that the origin of 
the terraces is compressional tectonics. The southern 
50 km
























Ruptured crater (D  100 m)











































Fig. 7 Locations of ruptured craters are shown as circles. The ruptured craters larger and smaller than 100 m are shown in white and yellow circles, 
respectively. Yellow arrows indicate the locations of the ruptured craters shown in Fig. 6
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segment is an extension of a ridge belonging to Ridge Sys-
tem E (Fig. 8b), and the terraces have a stepover structure 
(Fig. 8c). The section across the lobate scarp is shown in 
Fig. 9. The connection of the segment and Ridge System 
E suggests that the terraces were not formed by normal 
faulting, but thrusting. The slope dip of the mountain is 













Mountain composed of highland mterials
Debris apron composed of highland materials
Debris deposit blanketing impact crater
Ruptured impact crater









Fig. 8 Images of the eastern part of Montes Recti. a SELENE TC image of the region. Arrows indicate minor lobate scarps. There are prominent 
lobate scarps along the southeastern margin of this mountain, the close-ups of which are shown in the subfigures. b A groove and overlain craters 
by debris are shown (LROC NAC image M1136661568LC). The topographic profile along the yellow line is shown in Fig. 9. c A stepover (LROC NAC 
image M190724156RC). See text for details
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about 15◦. There is no critical evidence that shows the 
thrust plane parallel to the slope of Montes Recti, but we 
consider that the thrust surface runs along the slope of 
Montes Recti because of the following reasons. First, the 
terraces meander along the margin of the mountain. A 
greater dip in the fault surface requires a greater curva-
ture of the fault surface. Second, it is natural that a weak-
ness plane, such as a lithological boundary, is used as a 
fault plane.
A ruptured crater on a ridge in Fig. 8b has a clear rim. 
Its degradation level indicates a late Eratosthenian to 
mid-Copernican age (Moore et al. 1980). Accordingly, the 
thrusts involving the lobate scarps and the mare ridge just 
at the south of Recti were active in the Copernican Period. 
This young activity is consistent with the morphologically 
crisp and undegraded appearance of the terraces.
Mons Chajorra
There are lobate scarps at the western margin of Mons 
Chajorra and an ‘isle’ to the south of Chajorra (Fig. 10a). 
The scarps have crisp terraces at the heights of ∼150 m 
(Fig.  10b) from the neighboring mare surface. There 
are grooves at the mountainsides of the scarps on the 
southwestern flank of Chajorra and on the western flank 
of the isle, indicating that the terraces are not made of 
debris from the mountain top. We interpreted that the 
terraces are surface expressions of westward-dipping 
thrusts, because the slope on the mare side of the scarp 
on Chajorra seems to underlie the mare basalt that slid 
up along the fault with the fault surface subparallel to 
the slope. The spectral feature of the strip between the 
terrace and the mare-highland boundary is basically 
as reddish as that of the neighboring mare and is con-
taminated by bluish spots probably due to the highland 
materials derived from the top of Chajorra (Fig.  10c). 
This interpretation is supported also by the iron con-
tent map in Fig. 10d produced by the algorithm of Otake 
et  al. (2012). The FeO content abruptly changes at the 
terraces. The slopes lower than the terraces are poor in 
FeO (Fig. 10d). It indicates that the slopes lower than the 
terraces are composed of mare materials and are pow-
dered by highland materials.
In addition, the following observations also indicate 
that the scarps are the surface expression of thrust faults. 
First, they turn into a mare ridge comprising Ridge Sys-
tem F. Second, the scarp bifurcates on the southwest-
ern flank of Chajorra (Fig. 10b). Third, the mare surface 
steps down across the ridge connected with the scarps 
from west to east between Chajorra and the southern 
isle (Fig. 10e). Fourth, the upper branch of the bifurcated 
scarp in Fig. 10b has a crenulated trace on the slope with 
a wavelength and amplitude of 100 and 50 m, respectively 
(Fig. 10f ), possibly the surface manifestation of a hinter-
land-dipping duplex (Twiss and Moores 2006, p. 125).
If the thickness of the thrust sheet is constant, the geo-
logical cross section inferred from the above-mentioned 
observations is shown as Fig. 11. The slope is inclined at 
∼ 25◦ around the terrace, which is approximately equal 
with the dip of the fault. The thrust sheet composed of 
the mare basalts has, therefore, a thickness of ∼30  m 
which is the width of the terraces. We interpreted that a 
thin-skinned-type deformation has occurred in this area. 
The thin strata made of the mare basalts was peeled off 
from its substrata and crept up along the slope. The mare 
should have had a level surface before the faulting. If the 
mons did not rise after the deposition of Unit D, the dis-
placement of the thrust sheet can be calculated by the 
distance between the tip of the thrust sheet and the hori-
zontal surface of the mare unit. The vertical displacement 
is about 200  m, and the displacement along the thrust 
fault is about 1.4 km (Fig. 11). The mare affected by the 
fault belongs to Unit D, which is about 3.27 billion years 
old. Accordingly, the thrust sheet crept up on the flanks 
of the mountains in the last 3 billion years. The morpho-
logically crisp terraces suggest a geologically recent activ-
ity of the thrust system.
Grabens
Grabens around Promontorium Laplace
Schaber (1969) and Hurwitz et  al. (2013) interpreted a 
sinuous rille around Promontorium Laplace (Fig. 2b) as a 
volcanic sinuous rille. It is obscure whether the rille was 
initially formed as a tectonic or a volcanic rille, but we 
interpreted that the rille is a tectonic graben from the fol-
lowing lines of evidence (Figs. 12, 13). To the west of the 
cape, two craters with diameters of ∼140 and 250 m are 
dislocated along the rille (Fig.  13). The sinuosity can be 
explained because the preexisting zones of weakness of 
mare-highland lithological boundary were used as a fault 
plane.
The graben is ∼30  km long and ∼500  m wide with a 
depth of a few tens of meters. The northwestern end 












Fig. 9 Topographic profiles and the cross section for the subsurface 
structures at the southeastern Montes Recti. See Fig. 8b for the lines 
of the topographic profiles
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Fig. 10 Images of the western part of Mon Chajorra. a SELENE TC image of the region. Lobate scarps (white arrows) affect the western margins of 
Chajorra and the hill to the east of the mountain. The scarps are the continuations of Ridge F. Yellow boxes indicate the locations of the small fissures 
shown in Fig. 14. b The close-up of the scarps. Figure 11 shows the topographic profile along the yellow line. c MI image of the same area. d The iron 
content map. The iron content abruptly changes at the terrace. e Topography shows that the west area of the ridge is raised. f Crenulated structures 
at the terrace (LROC NAC image M1136640204RC)
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Montes Jura (Fig.  12). The valley is formed on Unit C, 
which is 2.97 Ga. Therefore, the graben was formed after 
2.97 Ga. In addition, based on the correlation of degra-
dation levels and ages by Moore et  al. (1980), the ages 
of the 140-m-diameter crater (Fig. 13) are classified into 
the early Copernican Period to late Eratosthenian Period. 
The larger one is classified into the Eratosthenian Period. 
Accordingly, the graben was tectonically active in the late 
Eratosthenian Period.
There are a few rilles along the mare-highland bound-
ary between 26.5 and 28.1◦W, roughly on the extension of 
the graben (Fig. 12). It is difficult to distinguish whether 
they are volcanic or tectonic in origin. Their sinuosity 
suggests a volcanic origin (Hurwitz et  al. 2013), but the 
location just along the boundary suggests a tectonic ori-

















Fig. 11 Topographic profiles and the cross section for the subsur-
face structures at the western Mons Chajorra. The inset represents 



















Fig. 12 Images of the rilles around Promontorium Laplace. SELENE TC image of the region. Arrows point to arcuate rilles, the local trends of which 
are perpendicular to the arrows
Fig. 13 Close-up of the rille to the west of the Promontorium. The 
southwestern cliff of the rille cuts two impact craters (arrows) with the 
radii of ∼140 and 250 m (LROC NAC image M104690472LC)
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Grabens around Mons Chajorra
There are small-scale grabens or fissures on the west-
ern side of the lobate scarps around Mons Chajorra 
(Fig.  14). We named the grabens, Graben Systems A, B 
and C from south (Fig. 14a–c). French et al. (2015) inter-
preted the small-scale grabens near the lobate scarps and 
mare ridges as secondary structures associated with the 
formation of such map-scale contractional structures. 
We also interpreted Graben Systems A, B and C as gra-
bens associated with the formations of the lobate scarps.
Graben System A has a total length of 7–8 km and con-
sists of more or less straight fissures each of which are 
101 and 102 m in width and length, respectively. The fis-

















































Fig. 14 Small-scale grabens (arrows) around Mons Chajorra. Their locations are shown in Fig. 10. Dashed lines indicate the foot lines of the 
mountain and the isle. a Graben System A (48.50◦N, 15.42◦W) at the south of Mons Chajorra and the west of an isolated island (LROC NAC images 
M1098943917LC and M129573848LC). b Graben System B (48.66◦N, 15.17◦W) at the south of Mons Chajorra (LROC NAC image M1129573848RC). 
c Graben System C (49.01◦N, 15.62◦W) at the northwestern tip of Mons Chajorra (LROC NAC image M10983917LC). d Kaguya DTM image around 
Graben System A. e The cross section along the yellow line shown in (d). Topographic profile of a small bulge and two grabens (Kaguya DTM). Verti-
cal exaggeration is 10. Arrows indicate the locations of fissures
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on the western foot of the isle to the south of Chajorra. 
The system has a convex-southwestward curvature and 
splays at its western end. In this western part, fissures 
make a left-stepping en echelon arrays, suggesting a dex-
tral strike-slip component. The system includes a short 
segment of thrust fault (Fig.  14a). Strike-slip tectonic 
structures sometime involve extensional and compres-
sional tectonic features. However, no crater is dislocated 
with this sense of shear, indicating very small strike-slip 
movements, if any. Grabens at the eastern part of Gra-
ben System A are the widest and deepest among the gra-
bens around Mons Chajorra. The width and the depth 
are ∼150 and 10  m, respectively (Fig.  14d, e). The east-
ern part is on a small bulge (Fig. 14d, e). Accordingly, we 
interpreted that the grabens were formed as an incipi-
ent oblique transfer fault to accommodate the differen-
tial eastward sliding of the thrust sheet on the north and 
south side of the sharp bend.
Graben System B consists of fissures that are 101 and 
102 m order in width and length, respectively. They are 
generally straight, parallel to each other and lie along 
the crest of the mare ridge that turns into the lobate 
scarps on Mons Chajorra (Fig.  14b), suggesting that 
they were formed by flexural bending of the thrust 
sheet.
Graben C System consists of E–W trending straight fis-
sures extending from the western tip of the Mons Cha-
jorra. Their widths and lengths are about 101 and 102 m in 
width and length, respectively.
Graben Systems A and C dislocated craters smaller 
than 100 m in diameter, indicating their formation ages 
of the Copernican Period (Fig. 15). These young graben 
formations present with lobate scarps support that the 
scarps are young tectonic deformations. French et  al. 
(2015) analyzed small grabens and concluded that the 
small grabens are no older than late Eratosthenian from 
the crosscutting relationships of small craters to grabens. 
The result corresponds to our result.
Grabens on Laplace Hill
There are straight rilles on a bulge at the northwestern 
foot of Ridge System A. We refer to the bulge as Laplace 
Hill in this study (Fig.  2d). The hill has an oval planar 
shape extent. The lengths of its major and minor axes are 
40 and 30 km, respectively. Laplace Hill has a height of ∼
150  m relative to the surrounding plain (Fig.  16) and is 
surmounted by several peaks of about 50–500  m above 
the bulge. The bulge is covered by mare basalt, which is 
evidenced by its spectral features (Fig.  2c). The spectral 
feature of the unit is slightly different from the neighbor-
ing Unit B (Fig. 2). The peaks have rugged surfaces with 
the spectral features similar to those of Montes Jura, 
except for the peaks at −2570 m with a spectral feature 
similar to the surrounding mare basalt. The straight 
rilles on the hill have depths and lengths of ∼30  m and 
< 20  km, respectively (Fig.  12). We interpreted them as 
grabens, because they are straight and cut the peaks on 
the hill (Fig. 16).
According to the morphology, the dome is originated 
from volcanic activity. Lena et  al. (2013) named the 
northwestern part of the hill as the dome ‘L6’ (Fig.  16). 
They named the lumpy top of the hill around the peaks at 
−2030 and −2570 m as ‘L5.’ Both domes were interpreted 
from their topography to be lava domes.
The formation ages of the grabens are not evident, 
because the age of the deformed unit on the hill was not 
determined. However, the fact that there is no graben 
extending into Unit A suggests that they are probably 
older than Unit A, which adjoins and is younger than the 
100 m 100 m
a b
Fig. 15 Small craters ruptured by grabens around Mons Chajorra. 
a ∼60- and 50-m crater dislocated by Graben A (LROC NAC image 





















Fig. 16 Three-dimensional topographic models on which spectral 
ratio images are mapped. Topography around Laplace Hill. Montes 
Jura and peaks on the hill are truncated at −2600 m. Vertical exag-
geration is 25. Contour interval is 25 m. Unit boundary is shown by 
a dashed line, a part of which lies along the southern foot of the hill. 
Triangle indicates a peak at the altitude of −2570 m
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hill. The domal uplift of the hill might result in the graben 
formation atop the hill (Wöhler et al. 2009).
Discussion
The constraints on the ages of tectonic features have 
been described in the previous sections and are shown 
in the map of the study area in Fig.  17. Some ridges in 
the study area initiated their deformation after 2.07 Ga, 
indicated by the deformed Unit E (2.07 Ga). In addition, 
mare ridges, lobate scarps and thrust faults in the study 
area have been revealed to be active in the Copernican 
Period at many locations as evidenced by the distribution 
of the small ruptured craters (Fig. 19). The fissures nearby 
lobate scarps and mare ridges (Fig.  14) suggest young 
tectonic contraction as well. We also found a graben that 
was active after the late Eratosthenian Period near Prom-
ontorium Laplace. This has implications for their origins.
The mascon tectonic hypothesis becomes improbable 
in the study area. The mare ridges and grabens in and 
around the mascon basins are thought to result from the 
subsidence of super-isostatic loading of the mare basalts 
(Baldwin 1968; Wilhelms and McCauley 1971; Maxwell 
et  al. 1975; Brennan 1976; Melosh 1978; Solomon and 
Head 1980), but the young tectonic deformations are 
inconsistent with the hypothesis. The loading should 
have resulted in more or less syndepositional tectonics 
(Solomon and Head 1979, 1980). Most of mare units in 
Imbrium basin are older than ∼3.0  Ga (Hiesinger et  al. 
2000; Bugiolacchi and Guest 2008; Morota et  al. 2011), 
suggesting the weight of the mare basalts had been built 
up mostly until ∼3.0 Ga.
The loading of the youngest mare unit (Unit E; 20.7 Ga) 
is the one that could induce mascon tectonics, but the 
following evidence indicates that the weight of Unit E is 
Copernican craters affected by thrust fault
Mare ridge





































Fig. 17 The formation history of the mare ridges is shown. The yellow regions indicate the regions that were tectonically active after 2.1 Ga. The red-
dish points indicate the tectonically active areas in the Copernican Period. Our study area is tectonically active all over the region
Page 17 of 20Daket et al. Earth, Planets and Space  (2016) 68:157 
insufficient to induce mascon tectonics. The sharp spec-
tral contrast between bluish Unit E and the other reddish 
older units (Fig. 2c) allows us to infer the thickness of the 
unit by using the small craters that penetrate through 
Unit E. The depth of a simple crater is about 1 / 5 of its 
diameter (e.g., Pike 1977). For example, if a 500-m-diam-
eter crater penetrates through the uppermost unit and 
reaches to the underlying unit, the thickness of the 
uppermost unit at the point is estimated to be thinner 
than ∼100 m. We used spectral ratio images to measure 
the diameters of the craters penetrating the bluish unit 
and ejecting underlying reddish materials. A number of 
penetrating craters can be seen as reddish spots in Unit 
E in the spectral ratio image in (Figs.  2c, 18). Figure  19 
shows the distribution and the sizes of such craters. Pen-
etrating craters with diameters smaller than 500  m are 
distributed all over the study area. Accordingly, the gen-
eral thickness of Unit E is less than a hundred meters. The 
small penetrating craters are sparse near Ridge System 
A and the north part of Ridge System B, indicating that 
Unit E becomes thicker toward the ridge systems. Since 
the mascon hypothesis assumes mare basalts as thick as 
several kilometers (e.g., Solomon and Head 1980), we 
regarded that the loading by Unit E is too small to yield 
deformations. Therefore, the tectonic activities by the 
mascon loading should have ceased around 3.0 Ga.
Ridge Systems A, B and C were thought to correspond to 
the inner most rings of the Imbrium basin (Spudis 1993). 
We revealed that the ridge systems were not originally 
formed to be the inner ring structure, because their forma-
tion ages are too young. The formations of the ridge sys-
tems were explained by the reactivation of basement faults 
that originated in the modification stage of a multiringed 
basin. Such a concentric fault was found in the Chicxulub 
impact crater (Morgan et al. 1997; Melosh 1997).
The origin of the forces driving young tectonism 
is attributed to the global cooling of the Moon and 
basin formation events. Radar sounding from SELENE 
revealed that major mare ridges in southern Serenitatis 
were significantly younger than the mare basalts in the 
region (Ono et al. 2009). High-resolution images taken by 
LROC showed lobate scarps as young as Copernican in 
age (Watters et al. 2010).
Geologically young extensional features have been 
reported by several researchers in some areas on the 
Moon, but the occurrence is different from the graben 
that we found near Promontorium Laplace (Fig.  13). 
Howard and Muehlberger (1973) found fissures along the 
crest of a mare ridge in Serenitatis. Watters et al. (2012) 
and French et al. (2015) found the swarms of fissures and 
grabens in the areas where the surface layers have been 
subjected to buckling along the crests of ridge-like rises. 
French et  al. (2015) also reported globally distributed 
small-scale grabens that are not associated with compres-
sional features. Regional uplift around the Promontorium 
may have resulted in the graben formation, but there is 
no direct evidence for this hypothesis. It is not clear 
whether the full width of the graben was entirely formed 
after the late Eratosthenian Period. Since the graben that 
we found is ∼500 m wide and ∼30 km long, the graben 
is morphologically different from those found by previ-
ous researchers. The grabens along positive topographic 
features swarm, and individual ones are ∼40 m wide and 
∼500 m long (Watters et al. 2012; French et al. 2015). The 
grabens that are not associated with positive topographic 
features have a mean width and length of 19 and 146 m, 
respectively (French et al. 2015).
Fig. 18 One of the penetrating craters through bluish Unit E and 
ejecting underlying reddish lavas. (left) TC morning image. (right) 
Spectral ratio image. A crater (the largest crater; 41.02◦N, 27.60◦W) 
ejected underlying spectrally reddish lavas. There is a 400-m crater 















28° 24° 20° 16°
Fig. 19 Distribution of craters that penetrated through Unit E and 
reached to the underlying spectrally reddish mare unit
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In addition to the global cooling, the young tectonism 
is explained by the regional thermal history of the PKT 
and the collapse of tidal bulges. The prolonged cooling 
is consistent with the fact that the area belongs to PKT 
where a relatively high thermal gradient has been kept by 
concentrated heat-producing elements in the lithosphere 
(Laneuville et al. 2013; Andrews-Hanna et al. 2014; Sie-
gler and Smrekar 2014). The formation of the young gra-
ben near Promontorium Laplace may have been allowed 
by the relative uplift of the region by the thermal subsid-
ence of the surrounding regions. The hot interior of the 
terrain may have mitigated the horizontal compression 
by the global cooling, as was suggested for the fresh gra-
bens by Watters et al. (2012).
The collapse of tidal bulges of the Moon associated 
with the increase of the Earth–Moon distance should 
have resulted in a characteristic deformation pattern 
depending on latitudes and longitudes in the lunar litho-
sphere. The orbital evolution of the Moon had been con-
strained mainly from Phanerozoic strata and fossils on 
the Earth (e.g., Lambeck 1980), but in older ages this is 
controversial (e.g., Williams 2000). Transpressional tec-
tonics was predicted in this area by Melosh (1980), con-
sistent with the right-step en echelon arrangement of the 
ridges in Ridge System A. The ridge system began to be 
formed in the early Eratosthenian Period. Therefore, the 
details of the lunar tectonic history may place constraints 
on the orbital evolution.
Conclusions
We found lobate scarps and also mare ridges and grabens 
that are significantly younger than the majority of the mare 
basalt fills. Copernican tectonic structures are dominant 
in our study area. The origins of those young structures 
cannot be explained by the mascon loading hypothesis, 
although the distribution pattern of the tectonic structures 
shows typical feature of mascon tectonics. The distribu-
tions can be explained by reactivations using preexisting 
zones of weakness originated from impact structures, such 
as the inner ring of the Imbrium basin.
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